Introduction
Hydrophilic interaction chromatography (HILIC) 1 is used for the analysis of hydrophilic compounds in biogenic samples and pharmaceutical products. 2, 3 In this mode, the main retention mechanism postulates partitioning between the organic mobile phase and the hydrated stationary phase, but the polar interaction, such as electrostatic interaction, electric dipole interaction, and hydrogen bonding cannot be disregarded. 4, 5 A sulfobetaine-type stationary phase developed by Jiang et al., 6 which is used widely for the HILIC stationary phase, had a high hydration ability based on the sulfo group and the quaternary ammonium group. It is used for the simultaneous separation of cations and anions, 7 because of the appearance of a strong electrostatic interaction on the stationary phase. 7, 8 We have also shown that a zwitterionic exchange interaction or electric dipole interaction is also involved in the solid-phase extraction of tetracycline antibiotics on prototype sulfobetaine adsorbent. 9 Therefore, we synthesized a novel hydrophilic adsorbent by introducing diallylamine-maleic acid copolymer (DAM) to decrease the electrostatic interaction, and examined its retention property of water-soluble solutes. 10 The hydration ability of the high polymer covered DAM-adsorbent was higher than that of the sulfobetaine type because contents of immobilized group are high. The retention of solutes on the DAM column well correlated to their octanol-water partition coefficients (log Po/w). The electrostatic interaction was decreased by using weak dissociative functional groups, but was not completely suppressed. 10 On the other hand, the retention of water-soluble solutes was changed by adding various salts in the mobile phase. This suggested that the content of hydrating water on DAM-adsorbent depended on association ability of eluent ions on the zwitterionic functional group.
11
DAM stationary phases are attractive because of their high hydrating ability, but they also have an electrostatic interaction on the stationary phase, which is difficult to remove. In this work, we examined whether changing the pH of the mobile phase could reduce the electrostatic interaction of a DAM stationary phase by HPLC using neutral and ionic solutes.
Experimental

Reagents
All reagents for synthesizing the DAM adsorbent were purchased from Wako Pure Chemical Industries (Osaka, Japan). Diallylamine-maleic acid copolymer (DAM, 40% aqueous solution) was purchased from Nitto Boseki (Tokyo, Japan). Adenosine and arbutin were obtained from Tokyo Chemical Industries (Tokyo, Japan), and glycyl-phenylalanine (Gly-Phe) and alanyl-phenylalanine (Ala-Phe) were obtained from Peptide Institute (Osaka, Japan) and Sigma-Aldrich Japan (Tokyo, Japan), respectively. The others were obtained from Wako Pure Chemical Industries. Purified water used in this experiment was obtained from an Organo (Tokyo, Japan) PURE-LAB Ultra Analytic. One g L -1 stock solutions of solutes were prepared by dissolving with water and storing at 5 C. Ten mg L -1 working standard solutions were prepared by diluting the stock solutions in acetonitrile.
Synthesis of the DAM adsorbent
The DAM adsorbent was synthesized as described previously. 10 A base resin was prepared by suspension copolymerization with glycidyl methacrylate (GMA) and ethylene dimethacrylate (EGDM) with a 40:60 ratio. The suspension copolymerization was performed at 70 C for 7 h with stirring. The obtained base resin was classified at 8 -12 μm (average diameter: 11.0 μm)
The effect of the mobile phase pH on the control of the electrostatic interaction was evaluated on a column packed with water-holding adsorbent on which diallylamine-maleic acid copolymers were immobilizing. The adsorbent showed extraordinary retention behaviors of water-soluble solutes under acidic conditions, however, their behavior became stable along with increasing pH. Hydrating water contents tended to level off at pH above 8. Thus, the electrostatic interaction with the stationary phase can be controlled by adjusting the mobile phase pH above 8. In this region, the retention of water-soluble solutes appears to be mainly governed by the hydrophilic partition interaction. Notes using an MDS-2 pneumatic classifier (Nippon Pneumatic MFG, Mie, Japan) for the column packings. Also the base resin of 45 -90 μm (average diameter: 60.5 μm) for measuring both ther holding and hydrating water contents was classified using standard sieves. Ten grams of the base resin classified were added to a mixture of 50 mL of water, 20 mL of 2-propanol and 10 g of 40% DAM solution. Then, 20 mL of 5 mol L -1 NaOH was added to the slurry. The slurry was stirred at 250 rpm for 20 h at 60 C to immobilize DAM.
Instruments and operating conditions
The particle size distribution of the adsorbent was measured using a Beckman Coulter (Brea, CA) Multisizer III Particle Size Analyzer. Elemental analysis was carried out using an Elementar (Hanau, Germany) vario MICRO Cube.
The hydrating water contents of the DAM adsorbent (diameter: 60.5 μm) was measured by gravimetry as described previously. 10 The DAM-adsorbent (250 mg each, dry weight) was packed into a 6-mL SPE cartridge (Bond Elute Empty SPE cartridge; Agilent, Santa Clara, CA). The cartridge was weighed before packing (wc). ; temperature, 40 C; injection volume, 10 μL; detector, UV at 250 nm. The acetate solution pH (above pH 4) was adjusted by adding 1 mol L -1 sodium hydroxide to 0.02 mol L -1 acetic acid aqueous solution. A pH/COND METER D-54 (Horiba, Kyoto, Japan) was used to measure the solution pH. The column void volume, t0, was obtained from the front peak of the chromatogram when injecting a large quantity of acetonitrile.
Results and Discussion
Retention of neutral water-soluble compounds on the DAM-adsorbent
The retention property of four neutral compounds (cytosine, cytidine, adenosine and arbutin) was examined by using an acetic acid aqueous solution adjusted by adding sodium hydroxide at a pH range of 3 -10 ( Fig. 1) . Figure 1 also includes the hydrating water contents. The retention behavior of each solute varied greatly on the acidic side. The retentions of cytosine and adenosine reached maxima at around pH 4 and minima at around pH 5. The retention increased slightly as the pH increased from 5 to 8. The retention behaviors of cytidine and arbutin were similar to those of cytosine and adenosine, but clear maximum was not observed with cytidine. On the other hand, the hydrating water content increased with increasing pH. Its value for the DAM-adsorbent at pH 7 was 5.2%, and was lower than that measured in water (9.6%). The difference in the water content was caused by a counter ionic effect in the acetate solution. 11 The retention curves of solutes were similar to the curve of hydrating water at pH above 5. From this result, the main retention force on the DAM-adsorbent was thought to be a partition interaction with the hydration layer. Because the DAM-adsorbent did not show any extraordinary behavior on hydrating water content at around pH 4, other interactions except for partition interaction were suggested to exist for cytosine and adenosine. The chromatograms of nucleobases and nucleosides are shown in Fig. 2 . Every solute was more strongly retained at pH 8 than at pH 4 except for cytosine and adenosine. The solutes eluted from the column in order of their log Po/w value at pH 8 except for adenine (log Po/w = -0.09 12 ).
Retention properties of ionic water-soluble compounds on the DAM-adsorbent
The retention behaviors of ionic solutes, such as benzylamine, salicylic acid, maleic acid, Gly-Phe and Ala-Phe, at pH values ranging from 3 to 10 are shown in Fig. 3 . The retentions of ionic solutes varied greatly at pH below 6. Benzylamine, like cytosine and adenosine, showed maximum retention at pH 4, but was not retained at a pH above 6. On the contrary, the retention of maleic acid was minimum at pH 5, then gradually increased and was steady pH above 8. The same behavior was observed in Gly-Phe. The retention of salicylic acid decreased with increasing pH, and was steady at pH above 7. The same behavior was observed in Ala-Phe. The retentions of ionic solutes at pH below 6 seemed to be caused by the electrostatic interaction. Considering the pKa values of succinic acid is 3.99 and 5.20, 13 it does not dissociate with decreasing pH. On the other hand, pyrrolidine (11.31) 12 dissociates, DAM functional groups on the stationary phase are positively charged.
The peak shape of benzylamine at pH 3 was extremely leading, and it was thought that the ion exclusion force based on the cation site of the stationary phase acted upon a cationic solute. Salicylic acid and maleic acid at pH 3 were strongly retained by the anion exchange interaction, and were not eluted. The decrease of retention for acidic solutes at pH 4 -5 resulted from the decrease of positive charge in the stationary phase. These results suggest that the isoionic point on the DAM-adsorbent was around pH 4. We are now able to see that the extraordinary retention of cytosine and adenosine around pH 4 was not an ion exchange interaction, but another force such as hydrogen bonding. Inoue and coworkers 14, 15 have investigated retention behavior for organic acids using hydrous zirconium oxide as amphoteric ion exchange. α-Hydroxylcarboxylic acids and ortho-benzoic acid derivatives were specifically retained at the around pH 6.0, which has been regarded as an isoadsorbic point by ligand exchange interaction. Considering the above, much still remains to be investigated concerning the retention mechanism.
The retention behaviors of ionic solutes leveled off at pH above 6. The hydrophilic partition interaction was thought to be the main force on the retention in this region. The decrease in the retention of benzylamine with increasing pH resulted from the suppression of its protonation. On the other hand, the increase in the retention of maleic acid came from its water-solubility with ionization. The electrostatic interaction on the DAM stationary phase was controlled by adjusting the pH of the mobile phase to above 7 or 8. The DAM-adsorbent retained water-soluble solutes by the hydrophilic partition mechanism under these conditions.
Conclusion
The retention behaviors of neutral and ionic solutes on a column packed with water-holding adsorbent bonded with a weak zwitterionic copolymer were examined at various pH values. The hydrating water contents of the adsorbent were also examined at various pH values. Both the retentions and hydrating water contents were constant at pH above 8, and water-soluble solutes seemed to be mainly retained by the hydrophilic partition mechanism in this region. On the other hand, the retention of ionic solutes was influenced by the electrostatic interaction at pH below 6. The isoionic point of the weak zwitterionic stationary phase was estimated to be at pH 4, and nucleobases and nucleosides showed extraordinary retention behaviors at this pH. The electrostatic interaction on the zwitterionic stationary phase could be controlled by alkalizing the pH of the mobile phase. Conditions are the same as those given in Fig. 1 . Symbols: , salicylic acid; , maleic acid; , benzylamine; , Gly-Phe; ×, Ala-Phe.
